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> A method and a sensing device of measuring 
a concentration of a gas component of a 
measurement gas, which method includes the 
steps of: introducing the measurement gas 
containing the gas component, from an exter- 
nal measurement-gas space into a first internal 
space (6), under a diffusion resistance ; control- 
ling an amount of oxygen in the measurement 
gas within the first internal space, so as to 
produce an atmosphere which does not sub- 
stantially affect measurement of the gas compo- 
nent and which does not convert the gas 
component; introducing the atmosphere from 
the first internal space into a second internal 
space (8), under a diffusion resistance ; and 
measuring the concentration of the gas compo- 
nent present in the atmosphere in the second 
internal space. 
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The present invention relates to a method and a 
sensing device for measuring a component contained 
in a measurement gas, and more particularly to meth- 
ods and various gas sensors for determining the con- 
centration of gas components containing bonded 5 
oxygen. In particular, the present invention is con- 
cerned with a sensor adapted for measuring the con- 
centration of NOx as a component of a combustion 
gas, and a method for determining the NOx concen- 
tration. 10 

Various measuring methods and devices have 
been proposed for determining the concentration of a 
desired gas component in a measurement gas. A 
known method of measuring NOx in combustion gas- 
es, for example, employs a sensor having an oxygen- is 
ion conductive solid electrolyte, such as zirconia, and 
a Pt-containing electrode and a Rh-containing elec- 
trode formed thereon. This method utilizes the ability 
of Rh to reduce NOx, and determine the NOx concen- 
tration by measuring an electromotive force induced 20 
between the two electrodes. However, this sensor 
tends to suffer from noise, since the electromotive 
force varies to a great extent with a change in the con- 
centration of oxygen contained in the combustion 
gases, but varies a small extent in response to a 25 
change in the NOx concentration. In addition, CO or 
other reducing gas is needed for the Rh electrode to 
reduce the NOx. Under a lean combustion condition 
using an excessively small amount of a fuel, a large 
amount of NOx is generated, which exceeds the 30 
amount of CO generated. Thus, the known sensor is 
not able to make a measurement with respect to a 
combustion gas produced under such a lean combus- 
tion condition. 

There is also known a method of measuring NOx 35 
by using a pair of electrochemical pumping cell and 
sensing cell which include Pt electrodes and oxygen- 
ion conductive solid electrolyte, and a pair of electro- 
chemical pumping cell and sensing cell which include 
Rh electrodes and oxygen-ion conductive solid elec- 40 
trolyte, as disclosed in JP-A-63-381 54 and JP-A-64- 
39545. The concentration of NOx is calculated based 
on a difference in pumping currents flowing through 
the respective pumping cells. In further methods as 
disclosed in JP-A-1-277751 and JP-A-2-1543, a first 45 
and a second pair of an electrochemical pumping cell 
and sensing cell are prepared, and a limiting current 
is measured by a sensor having the first pair of pump- 
ing and sensing cells, under the oxygen partial pres- 
sure that does not allow reduction of NOx, while a lim- 50 
iting current is measured by a sensor having the sec- 
ond pair of pumping and sensing cells, under the oxy- 
gen partial pressure which allows reduction of NOx, 
so as to measure the NOx concentration based on a 
difference in the limiting currents of the two sensors. 55 
It is also proposed to measure a difference in the lim- 
iting currents, using a sensor having a pair of pumping 
and sensing cells, by regulating the oxygen partial 



pressure in the measurement gas between two lev- 
els, one of which does not allow, reduction of NOx 
while the other allows the NOx reduction. 

Referring to Fig. 25 showing the principle of the 
known methods as described above, a first and a sec- 
ond sensing element 61, 62, which are formed inde- 
pendently of each other, have respective internal 
spaces 65, 66 which communicate with an exterior 
measurement-gas space through corresponding dif- 
fusion resistance portions 63, 64, and respective 
electrochemical pumping cells 67, 68 using solid elec- 
trolyte. The first sensing element 61 effects pumping 
of only oxygen under a predetermined diffusion resis- 
tance, and the oxygen concentration is obtained by 
multiplying the pumping current lp 1 by a current sen- 
sitivity coefficient K v The second sensing element 62 
having an electrode or catalyst capable of reducing 
NOx effects pumping of both oxygen and NOx under 
a predetermined diffusion resistance, and a sum of 
the oxygen and NOx concentrations is obtained by 
multiplying the pumping current lp 2 by a current sen- 
sitivity coefficient K 2 . Thus, the NOx concentration 
"Cu" is calculated according to the following equation: . 
Cn = K 2 • lp 2 - K v IPi 
In the above method of measuring NOx, however, 
a considerably small current flows due to NOx to be 
measured, and the most part of the limiting current is 
caused by a large amout of oxygen contained in the 
measurement gas. Therefore, the small current value 
corresponding to NOx Is obtained from a difference 
between the two large pumping currents lp 1( lp 2 . With 
use of one sensor in which the oxygen partial pres- 
sure is regulated as described above, the NOx cannot 
be continuously measured, and the operating re- 
sponse and measuring accuracy are deteriorated. 
With use of two sensors having different oxygen par- 
tial pressures, a measurement error is likely to occur 
with a great change in the oxygen concentration of 
the measurement gas, and therefore this method can- 
not be employed in automobile applications, for ex- 
ample, where the oxygen concentration in exhaust 
gases varies to a large extent. This is because the de- 
pendency of the pumping current of one of the sen- 
sors on the oxygen concentration differs from that of 
the other sensor. In the case of an automobile running 
under the air/fuel ratio of 20, for example, the oxygen 
concentration is generally several percentages of ex- 
haust gases, whereas the NOx concentration is sev- 
eral hundreds of ppm, which is about 1/100 of the oxy- 
gen. If the dependency of the pumping current on the 
oxygen concentration slightly differs between the 
two sensors, therefore, a difference in the limiting 
currents due to the varied oxygen concentration be- 
comes larger than a change in the limiting currents 
due to NOx to be measured. The known method in- 
volves other problems. That is, if diffusion means or 
small leak formed in the pumping cell is clogged with 
oil ash in the exhaust gases, the pumping current may 
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be undesirably changed, resulting in reduced meas- 
uring accuracy. With a great variation in the temper- 
ature of the exhaust gases, the measurement results 
may involve some abnormality. Further, a difference 
in the chronological changes in the characteristics be- 
tween the two sensors may lead to measuring errors, 
making the sensors undurable for use for a long per- 
iod of time. 

While the oxygen present in the measurement 
gas causes various problems upon measurement of 
NOx, as described above, the oxygen also causes 
similar problems, such as reduced measuring accu- 
racy, upon measurement of gas components other 
than NOx, and these problems have been strongly 
desired to be solved. 

It is therefore a first object of the present inven- 
tion to provide a method for measuring the concentra- 
tion of a desired component in a measurement gas, 
in particular, a gas component containing bonded 
oxygen, without being affected by the oxygen con- 
centration or its variation, thus assuring improved op- 
erating response even in repeated measurements, 
and improved measuring accuracy for a long period of 
time. It is a second object of the invention to provide 
a sensing device adapted for measuring the concen- 
tration of a gas component according to the above 
method. The present invention may be practiced for 
an NOx sensor which is able to measure an increased 
range of NOx, in combustion gases produced under 
a wide range of the air/fuel ratio, that is, from a rich 
burn region using excessive fuel to a lean burn region 
using excessive air. 

According to a first aspect of the present inven- 
tion, there is provided a method of measuring a con- 
centration of a gas component of a measurement gas, 
comprising the steps of: introducing the measure- 
ment gas containing the gas component, from an ex- 
ternal measurement-gas space into a first internal 
space, under a first diffusion resistance; controlling 
an amount of oxygen in the measurement gas within 
the first internal space, so as to produce an atmos- 
phere which does not substantially affect measure- 
ment of the gas component and which does not con- 
vert the gas component; introducing the atmosphere 
from the first internal space into a second internal 
space, under a second diffusion resistance; and 
measuring the concentration of the gas component 
present in the atmosphere in the second internal 
space. 

According to the above-described method of 
measuring a desired gas component of a measure- 
ment gas, the concentration of the gas component 
can be measured with high accuracy, without being 
affected by the oxygen concentration or its variation 
in the measurement gas, assuring improved-operat- 
ing response even in repeated measurements, and 
improved measuring accuracy for a long period of 
time. Further, the present method enables measure- 



ment of an increased range of NOx, in combustion 
gases produced under a wide range of the air/fuel ra- 
tio, that is, from a rich burn region using excessive 
fuel to a lean burn region using excessive air, without 

5 being affected by oil ash. 

In one preferred form of the first aspect of the in- 
vention as described above, the amount of oxygen in 
the measurement gas is controlled in the first internal 
space so that the atmosphere has a substantially 

10 negligible level of an oxygen concentration. 

In another preferred form of the same aspect of 
the invention, the amount of oxygen in the measure- 
ment gas is controlled in the first internal space by an 
. oxygen pumping action of an electrochemical cell. 

is According to a second aspect of the present in- 

vention, there is provided a method of measuring a 
concentration of a gas component of a measurement 
gas, the gas component having bonded oxygen, com- 
prising the steps of: introducing the measurement gas 

20 containing the gas component having bonded oxy- 
gen, from an external measurement-gas space into a 
first internal space, under a first diffusion resistance; 
controlling an amount of oxygen in the measurement 
gas within the first internal space, so as to produce 

25 an atmosphere which does not substantially affect 
measurement of the gas component and which does 
not substantially reduce or decompose the gas com- 
ponent; introducing the atmosphere from the first in- 
ternal space into a second internal space, under a 

30 second diffusion resistance; reducing or decompos- 
ing the gas component present in the atmosphere in 
the second internal space, and pumping out oxygen 
produced upon the reduction or decomposition, by an 
oxygen pumping action of an electrochemical cell; 

35 and detecting a pumping current flowing through the 
electrochemical cell, so as to calculate the concentra- 
tion of the gas component in the measurement gas, 
on the basis of the pumping current 

In one preferred form of the second aspect of the 

40 invention, the amount of oxygen in the measurement 
gas is controlled in the first internal space so that the 
atmosphere has a substantially negligible level of an 
oxygen concentration. 

In another preferred form of the same aspect of 

45 the invention, the amount of oxygen in the measure- 
ment gas is controlled in the first internal space by an 
oxygen pumping action of an electrochemical cell. 

According to a third aspect of the present inven- 
tion, there is provided a method of measuring a con- 

50 centration of a gas component of a measurementgas, 
the gas component having bonded oxygen, compris- 
ing the steps of: introducing the measurement gas 
containing the gas component having bonded oxy- 
gen, from an external measurement-gas space into a 

55 first internal space, under a first diffusion resistance; 
regulating an oxygen partial pressure in the first inter- 
nal space, by an oxygen pumping action of a first 
electrochemical cell, so as produce an atmosphere 
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having a predetermined level of the oxygen partial 
pressure, which does not cause reduction or decom- 
position of the gas. component at a first elevated tem- 
perature of the first internal space; introducing the at- 
mosphere from the first Internal space into a second 5 
internal space, under a second diffusion resistance; 
regulating an oxygen partial pressure in the second 
internal space, by pumping out oxygen due to an oxy- 
gen pumping action of a second electrochemical cell, 
so that the oxygen partial pressure is regulated to a 10 
predetermined level which allows reduction or de- 
composition of the gas component at a second elevat- 
ed temperature of the second internal space, the sec- 
ond electrochemical cell further pumping out oxygen 
produced upon reduction or decomposition of the gas 1 5 
component; and detecting a pumping current flowing 
through the second electrochemical cell, so as to cal- 
culate the concentration of the gas component in the 
measurement gas, on the basis of the pumping cur- 
rent 20 

The second internal space may be filled with a 
porous body having the second diffusion resistance. 

In one preferred form of the third aspect of the in- 
vention, the oxygen partial pressure in the first inter- 
nal space is detected, and the oxygen pumping action 25 
of the first electrochemical cell is controlled by vary- 
ing a voltage applied to the first electrochemical cell, 
based on the detected oxygen partial pressure, so 
that the oxygen partial pressure in the first internal 
space is regulated to a constant value. 30 

In another preferred form of the same aspect of 
the invention, the oxygen pumping action of the sec- 
ond electrochemical cell is effected by applying there- 
to a constant voltage which provides a diffusion lim- 
iting current to the gas component, the oxygen partial 35 
pressure of the atmosphere in the second internal 
space being regulated by application of the diffusion 
limiting current 

In a further preferred form of the same aspect of 
the invention, the second elevated temperature of the 40 
second internal space is not lower than the first ele- 
vated temperature of the first internal space. 

In a still further preferred form of the same aspect 
of the invention, the oxygen partial pressure in the 
second internal space is not higher than the oxygen 45 
partial pressure in the first internal space. 

The above- indicated gas component having 
bonded oxygen, which is to be measured by the pres- 
ent method, may be advantageously selected from 
among NOx, C0 2 and H 2 0. 50 

According to a fourth aspect of the present inven- 
tion, there is provided a sensing device for measuring 
a concentration of a gas component of a measure- 
ment gas, the gas component having bonded oxygen, 
comprising: means for defining a first internal space 55 
which communicates with an external measurement- 
gas space where the measurement gas is present 
first diffusion means for introducing the measure- 



ment gas containing the gas component from the ex- 
ternal measurement-gas space into the first internal 
space, under a first diffusion resistance; first oxygen 
pumping means comprising an electrochemical cell, 
having a first oxygen-ion conductive solid electrolyte 
and a pair of electrodes formed thereon, for effecting 
an oxygen pumping action with respect to the first in- 
ternal space, so that an oxygen partial pressure of an 
atmosphere in the first internal space is regulated to 
a predetermined level which does not substantially 
permit reduction or decomposition of the gas compo- 
nent; means for defining a second internal space 
which communicates with the first internal space; 
second diffusion means for introducing the atmos- 
phere from the first internal space Into the second in- 
ternal space, under a second diffusion resistance; 
second oxygen pumping means comprising an elec- 
trochemical cell having a second oxygen-ion conduc- 
tive solid electrolyte and a pair of electrodes formed 
thereon, for pumping out oxygen from an atmosphere 
in the second internal space, so that an oxygen partial 
pressure of the atmosphere in the second internal 
space is regulated to a predetermined value which 
permits reduction or decomposition of the gas com- 
ponent whereby the gas component present in the 
atmosphere in the second internal space is reduced 
or decomposed, the second oxygen pumping means 
further pumping out oxygen produced upon the re- 
duction or decomposition; and current detecting 
means for detecting a pumping current flowing 
through the second oxygen pumping means. 

The above-described sensing device yields the 
same effects or advantages as provided by the meth- 
od of the present invention. 

In one preferred form of the fourth aspect of the 
invention, the sensing device further includes a cat- 
alyst disposed in the second internal space, for reduc- 
ing or decomposing the gas component so as to de- 
tach oxygen from the gas component. 

In the above form of the invention, one of the pair 
of electrodes of the electrochemical cell of the second 
oxygen pumping means, which is disposed in the sec- 
ond internal space, may serve as the catalyst. 

In another preferred form of the same aspect of 
the invention, the sensing device has a sensing ele- 
ment which includes the first and second oxygen-ion 
conductive solid electrolytes as integral parts thereof, 
the first and second internal spaces, the first and sec- 
ond diffusion means and the first and second oxygen 
pumping means being formed in the sensing element. 

In the above form of the invention, the sensing 
element may have a narrow, flat space having a pre- 
determined diffusion resistance, which space has an 
opening exposed to the external measurement-gas 
space, the flat space comprising the first and second 
diffusion means, the first internal space consisting of 
a first portion of the flat space adjacent to the open- 
ing, in which the first oxygen pumping means is pro- 
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vided, the second internal space consisting of a sec- 
ond portion of the flat space remote from the opening 
and inside of the first portion, in which the second 
oxygen pumping means is provided. 

Further, the first and second oxygen- ion conduc- 
tive solid electrolytes may form an oxygen- ion con- 
ductive solid electrolyte layer, or two separate oxy- 
gen-ion conductive solid electrolyte layers. 

The sensing device as described above may fur- 
ther include a porous body filling the opening of- the 
flat space of the sensing element, the porous body 
having a predetermined diffusion resistance. 

In a further preferred form of the invention, the 
sensing device further includes a heater for heating 
the first and second internal spaces to respective pre- 
determined temperatures. In this case, the sensing 
device can effectively operates even at a relatively 
low temperature, while effectively decomposing the 
gas component of the measurement gas. 

According to a fifth aspect of the present inven- 
tion, there is provided a sensing device for measuring 
a concentration of a gas component of a measure- 
ment gas, comprising a sensing element including an 
oxygen-ion conductive solid electrolyte as an integral 
part thereof, the gas component having bonded oxy- 
gen, the sensing element comprises: means for defin- 
ing a first internal space which communicates with an 
external measurement-gas space where the meas- 
urement gas is present; first diffusion means for in- 
troducing the measurement gas containing the gas 
component from the external measurement-gas 
space into the first internal space, under a first diffu- 
sion resistance; means for defining a second interna! 
space communicating with the first internal space; a 
catalyst disposed in the second internal space; sec- 
ond diffusion means for introducing an atmosphere in 
the first internal space into the second internal space, 
under a second diffusion resistance; a heater for 
heating the first and second internal spaces up to first 
and second temperatures, respectively; first oxygen 
pumping means comprising an electrochemical cell 
having the oxygen-ion conductive solid electrolyte 
and a pair of electrodes formed thereon, for effecting 
an oxygen pumping action with respect to the first in- 
ternal space, so that an oxygen partial pressure of the 
atmosphere in the first internal space is regulated to 
a predetermined level which does not substantially al- 
low reduction or decomposition of the gas component 
at the first temperature; second oxygen pumping 
means comprising an electrochemical cell having the 
oxygen- ion conductive solid electrolyte and a pair of 
electrodes formed thereon, for pumping out oxygen 
from an atmosphere in the second internal space, so 
that an oxygen partial pressure of the atmosphere in 
the second internal space is regulated to a predeter- 
mined value which allows reduction or decomposition 
of the gas component at the second temperature, 
whereby the gas component present in the atmos- 



phere in the second internal space is reduced or de- 
composed, the second oxygen pumping means fur- 
ther pumping out oxygen produced upon the reduc- 
tion or decomposition; and current detecting means 
5 for detecting a pumping current flowing through the 
second oxygen pumping means. 

The second internal space may be formed sepa- 
rately from the first internal space within the sensing 
element In other cases, the second diffusion means 

10 may consist of a porous body having the second dif- 
fusion resistance, the second internal space being fil- 
led with the porous body. 

In one preferred form of the fifth aspect of the 
present invention, the sensing device further includes 

15 oxygen partial pressure detecting means for detect- 
ing the oxygen partial pressure of the atmosphere in 
the first internal space, the first oxygen pumping 
means applying a controlled current to the pair of 
electrodes of the electrochemical cell of the first 

20 pumping means, on the basis of the oxygen partial 
pressure detected by the detecting means, so as to 
regulate the oxygen partial pressure in the first inter- 
nal space, with improved accuracy and ease. 

In another preferred form of the same aspect of 

25 the invention, a reference-gas chamber containing a 
reference gas is formed in the sensing element, sep- 
arately from the first and second internal spaces, the 
oxygen partial pressure detecting means comprising 
an electrochemical cell which comprises an oxygen- 

30 ion conductive solid electrolyte extending- between 
the reference-gas chamber and the first internal 
space, a reference electrode located in the reference- 
gas chamber and formed in contact with the solid 
electrolyte, and a measuring electrode located in the 

35 first internal space and formed in contact with the sol- 
id electrolyte, in this case, the reference-gas cham- 
ber is preferably exposed at an opening thereof to an 
ambient atmosphere, such that the ambient atmos- 
phere is introduced into the reference-gas chamber 

40 through the opening, to provide the reference gas. 

In the above form of the invention, the electro- 
chemical cell of the second oxygen pumping means 
may comprise an oxygen-ion conductive solid elec- 
trolyte extending between the second internal space 

45 and the reference-gas chamber, a first pumping elec- 
trode located in the second internal space and formed 
in contact with the solid electrolyte, and a second 
pumping electrode located in the reference-gas 
chamber and formed in contact with the solid electro- 

50 lyte. Preferably, the oxygen-ion conductive solid elec- 
trolyte of the electrochemical cell of the second oxy- 
gen pumping means and the oxygen-ion conductive 
solid electrolyte of the electrochemical cell of the oxy- 
gen partial pressure detecting means constitute an 

55 integral oxygen-ion conductive solid electrolyte, and 
the second pumping electrode and the reference 
electrode formed on the solid electrolyte constitute a 
common electrode. 
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In the above form of the invention, the first pump- 
ing electrode of the electrochemical cell of the second 
oxygen pumping means, which Is disposed in the sec- 
ond internal space, may also serves as the catalyst 
This leads to a simplified process of manufacturing 5 
the device. 

The above-indicated first pumping electrode may 
be formed of a porous cermet consisting of a ceramic, 
and a metal which is able to reduce or decompose the 
gas component having bonded oxygen. 10 

Further, the catalyst may be disposed in the sec- 
ond internal space, in the vicinity of the first pumping 
electrode of the electrochemical cell of the second 
oxygen pumping means, or may be superposed on 
the first pumping electrode of the electrochemical cell 15 
of the second oxygen pumping means. 

The above- indicated heater may be located near- 
er to the second internal space than to the first inter- 
nal space within the sensing element, so that the sec- 
ond internal space is heated to a higher temperature 20 
than the first internal space. With the heater thus lo- 
cated, the gas component can be more easily re- 
duced or decomposed in the second internal space. 

The above- indicated second diffusion resistance 
of the second diffusion means is preferably deter- 25 
mined to be larger than the first diffusion resistance 
of the first diffusion means. This effectively elimin- 
ates an adverse influence on the measurement of the 
gas component of the measurement gas, due to clog- 
ging by oil ash. 30 

The gas component having bonded oxygen, 
which is to be measured by the present sensing de- 
vice, may be selected from among NOx, C0 2 and 
H 2 0. 

The above and optional objects, features and ad- 35 
vantages of the present invention will be better under- 
stood by reading the following detailed description of 
its presently preferred embodiments, when consid- 
ered in conjunction with the accompanying drawings, 
in which: 40 
Fig. 1 is a plane view showing a sensing, element 
of an NOx sensor as one embodiment of the pres- 
ent invention; 

Fig. 2 is an elevational view in cross section taken 
along line A-A of Fig. 1 , which shows in enlarge- 45 
ment a principal part of the sensing element of 
Fig. 1; 

Fig. 3 is a graph showing a first method of con- 
trolling the temperatures of electrodes and the 
oxygen partial pressures in first and second inter- so 
nal spaces; 

Fig. 4 is a graph showing the relationship be- 
tween the temperature of the sensing element 
exposed to different exhaust gas temperatures, 
and the distance from the distal end of the ele- 55 
ment; 

Fig. 5 is a graph showing the relationship be- 
tween the NO concentration and the pumping 



current (Ip) obtained by the method of Fig. 3; 
Fig. 6 is a graph showing a second method of con- 
trolling the electrode temperatures and the oxy- 
gen partial pressures in the first and second in- 
ternal spaces; 

Fig. 7 is a graph showing the relationship be- 
tween the NO concentration and the pumping 
current (Ip) obtained by the method of Fig. 6; 
Fig. 8 is a graph showing a third method of con- 
trolling the electrode temperatures and the oxy- 
gen partial pressures in the first and second in- 
ternal spaces; 

Fig. 9 is a graph showing a fourth method of con- 
trolling the electrode temperatures and the oxy- 
gen partial pressures in the first and second in- 
ternal spaces; 

Fig. 10 is a graph showing the relationship be- 
tween the NO concentration and the pumping 
current (Ip) obtained by the method of Fig. 9: 
Fig. 11 is an elevational view corresponding to 
that of Fig. 2, showing another embodiment in 
which an NOx reduction catalyst is superposed 
on an internal pumping electrode; 
Fig. 12 is an elevational view corresponding to 
that of Fig. 2, showing a further embodiment in 
which an oxidation catalyst is provided in a first 
internal space; 

Fig. 13 is an elevational view corresponding to 
that of Fig. 2, showing another example of provid- 
ing the oxidation catalyst; 

Fig. 14 is an elevational view corresponding to 
that of Fig. 2, showing a further example of pro- 
viding the oxidation catalyst; 
Fig. 15 is an elevational view corresponding to 
that of Fig. 2, showing another embodiment hav- 
ing different structures of second internal space 
and second diffusion means; 
Fig. 16 is a graph showing the relationship be- 
tween the NO concentration and the pumping 
current (Ip) obtained in the embodiment of Fig. 
15; 

Fig. 17 is an elevational view corresponding to 
that of Fig. 2, showing a sensing element as part 
of another embodiment of the NOx sensor of the 
present invention; 

Fig. 18 is an elevational view corresponding to 
that of Fig. 17, showing a modified example of the 
sensing element of Fig. 17; 
Fig. 19 is a graph showing the relationship be- 
tween the electromotive force and the oxygen 
partial pressure at a temperature of 600°C; 
Fig. 20 is a graph showing the relationship be- 
tween the NO concentration and the pumping 
current detected when different voltages are ap- 
plied to the first and second electrochemical 
pumping cells while the first and second internal 
spaces are kept at 600°C; 
Fig. 21 is an elevational view corresponding to 
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that of Fig. 2, showing another embodiment in 
which the second internal space and second dif- 
fusion means have different structures than 
those of Fig. 15; 

Fig. 22 is a graph showing the relationship be- 5 
tween the H z O concentration and the pumping 
current (Ip) upon measurement of H2O in which 
the first and second internal spaces are kept at 
700°C; 

Fig. 23 is a graph showing the relationship be- 10 
tween the G0 2 concentration and the pumping 
current (Ip) upon measurement of C0 2 in which 
the first and second internal spaces are kept at 
700°C; 

Fig. 24 is a cross sectional view of a sensing ele- 15 
ment, for explaining the principle of the present 
invention; and 

Fig. 25 is a cross sectional view of a known sens- 
ing element, for explaining a known method of 
measuring a gas component 20 
Referring first to Figs. 1 and 2, there is illustrated 
an NOx sensor as one preferred embodiment of a 
sensing device of the present invention, which is 
adapted to determine the concentration of NOx as a 
component contained in a measurement gas, accord- 25 
ing to a method of the present invention. 

In Figs. 1 and 2, reference numeral 2 denotes an 
elongate, planar sensing element having a relatively 
large length. This sensing element 2 has an integral 
laminar structure including a plurality of highly dense, 30 
gastight oxygen- ion conductive solid electrolyte lay- 
ers 4a, 4b, 4c, 4d, 4e which are superposed on each 
other, as shown in Fig. 2. Each of the solid electrolyte 
layers 4a-4e is formed of a known oxygen-ion con- 
ductive solid electrolyte material, such as zirconia. 35 
The thus integrally formed sensing element 2 Is pro- 
duced by firing unf ired solid electrolyte layers into an 
integral laminar structure, as known in the art 

In the integral sensing element 2, a first internal 
space 6 and a second internal space 8 are separately 40 
formed such that the second internal space 8 is locat- 
ed nearer to the distal end of the sensing element 2. 
Each internal space 6, 8 has a rectangular shape as 
seen in a plane parallel to opposite major surfaces of 
the element 2. Independently of the first and second 45 
internal spaces 6, 8, a reference-gas channel 10 
serving as a reference-gas chamber is formed in the 
longitudinal direction of the sensing element 2, such 
that the channel 1 0 is open at the proximal end of the 
element 2, for communication with the atmosphere. In so 
the instant embodiment, the first and second internal 
spaces 6, 8 and reference-gas channel 1 0 are formed 
in substantial the same plane, by closing respective 
apertures formed through the solid electrolyte layer 
4b, with the upper and lower solid electrolyte layers 55 
4a, 4c. The sensing element 2 further has a first dif- 
fusion controlling passage 12 as a first diffusion 
means, which is formed through the thickness of the 



upper solid electrolyte layer 4a. The first diffusion 
controlling passage 12 communicates the first inter- 
nal space 6 with an exterior space where a measure- 
ment gas to be measured by the NOx sensor is pres- 
ent, so that the measurement gas is introduced into 
the first internal space 6 through the passage 12, un- 
der a predetermined diffusion resistance provided by 
the passage 12. Further, second diffusion means in 
the form of a second diffusion controlling passage 14 
is formed in the solid electrolyte layer 4b, to extend 
between the first and second internal spaces 6, 8. 
This second diffusion controlling passage 14 com- 
municates with the first and second internal spaces 
6, 8, so that the atmosphere-in the first internal space 
6 is introduced into the second internal space 8 
through the passage 14, under a predetermined dif- 
fusion resistance provided by the passage 14. 

Inner electrode (pumping electrode) 16, which is 
a rectangular porous platinum electrode, is formed on 
the inner surface of the solid electrolyte layer 4a 
which is exposed to the first internal space 6. Fur- 
ther, outer electrode (pumping electrode) 18, which is 
also a rectangular porous platinum electrode, is 
formed on the outer surface of the solid electrolyte 
layer 4a, such that the inner and outer electrodes 1 6, 
18 are aligned with each other in a plane parallel to 
the major surfaces of the sensing element 2. These 
electrodes 16, 18 and solid electrolyte layer 4a con- 
stitute an electrochemical cell of first oxygen pump- 
ing means, that is. a first electrochemical pumping 
cell. In operation, a desired voltage is applied be- 
tween the inner and outer electrodes 16, 18 of the 
first electrochemical pumping cell, by means of an ex- 
ternal variable power supply 20, to generate current 
flow in a predetermined direction, so that oxygen in 
the atmosphere in the first internal space 6 is pumped 
out into the external measurement-gas space, or oxy- 
gen is pumped from the external measurement-gas 
space into the first internal space 6. In this embodi- 
ment, each of the porous platinum electrodes 16, 18 
consists of a cermet electrode formed of a mixture of 
platinum and zirconia (ZrO^. 

Measuring electrode 22, which is a rectangular, 
porous platinum electrode, is formed on the surface 
of the solid electrolyte layer 4c which is exposed to 
the first internal space 6, while reference electrode 
24, which is a similar porous platinum electrode, is 
formed on the surface of the solid electrolyte layer 4c 
which is exposed to the the reference-gas channel 1 0. 
These measuring electrode 22, reference electrode 
24 and solid electrolyte layer 4c constitute an electro- 
chemical cell of oxygen partial pressure detecting 
means, that is, an electrochemical sensing cell. As 
known in the art, an electromotive force (EMF) is in- 
duced between the measuring electrode 22 and the 
reference electrode 24, based on a difference in the 
oxygen concentration between the atmosphere in the 
first internal space 6 and the reference gas in the ref- 
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erence-gas channel 10. This electromotive force is 
measured by a potentiometer 26, to thus detect the 
oxygen partial pressure in the atmosphere in the first 
internal space 6. Then, a voltage of the variable power 
supply 20 is regulated or controlled, on the basis of 
the level of the oxygen partial pressure as detected 
by the potentiometer 26, whereby the oxygen partial 
pressure in the atmosphere in the first internal space 
6 is kept at a constant level. 

Internal pumping electrode (first pumping elec- 
trode) 28 is formed on the surface of the solid elec- 
trolyte layer 4c, such that the electrode 28 is located 
within the second internal space 8. This internal 
pumping electrode 28 is formed of porous cermet 
consisting of rhodium (Rh) as a metal capable of re- 
ducing NOx, and zirconia as a ceramic material. Thus, 
the electrode 28 aJso functions as an NOx reduction 
catalyst which is able to reduce NOx present in the at- 
mosphere in the second internal space 8. When a 
constant voltage is applied between the internal 
pumping electrode 28 and the reference electrode 
(second pumping electrode) 24 disposed in the refer- 
ence-gas channel 1 0, by means of a power supply 30, 
oxygen in the atmosphere within the second internal 
space 8 is pumped out into the reference-gas channel 
1 0. Thus, the reference electrode 24 also functions as 
a pumping electrode, and cooperates with the inter- 
nal pumping electrode 28 and solid electrolyte layer 
4c to constitute an electrochemical cell of second 
oxygen pumping means, that is, a second electro- 
chemical pumping cell. Ammeter 32 is adapted to de- 
tect a pumping current which flows by the pumping 
action of the second oxygen pumping means. The 
constant voltage applied by the power supply 30 is de- 
termined so as to provide a limiting current that en- 
ables the second electrochemical pumping cell to ef- 
fect the pumping of the oxygen generated by reduc- 
tion of NOx, which is introduced into the second inter- 
nal space 28, under the diffusion resistance provided 
by the second diffusion resistance channel 14. 

The sensing element 2 also incorporates an alu- 
mina insulating layer 34 which is laminated integrally 
on the solid electrolyte layers 4c, 4e, such that the 
layer 34 is surrounded by three solid electrolyte lay- 
ers 4c, 4e and 4d. Heater 36 is embedded within the 
alumina insulating layer 34, and is operated by an ex- 
ternal power supply. As shown in Fig. 2, the heater 36 
is located in a distal end portion of the sensing ele- 
ment 2 in which the second internal space 8 is formed, 
so that the second internal space 8 is heated to a 
higher temperature than the first internal space 6, in 
other words, the internal pumping electrode 28 is 
heated to a higher temperature than the inner elec- 
trode 16 and measuring electrode 22. For example, 
the heater 36 is located so that the inner electrode 16 
and measuring electrode 22 in the first internal space 
6 is heated up to 400°C-600°C while the internal 
pumping electrode 28 in the second internal space 8 



is heated up to 700 o C-900°C, as the temperature of 
the measurement gas varies in the range from 300°C 
to 850°C. 

The thus constructed sensing element 2 is posi- 

5 tioned at its distal end portion within the externa! 
measurement-gas space. Thus, the measurement 
gas is introduced into the first internal space 6, 
through the first diffusion controlling passage 12, un- 
der a predetermined diffusion resistance. Then, the 

10 measurement gas in the first internal space 6 is sub- 
jected to the oxygen pumping action in which a suit- 
able voltage is applied between the inner and outer 
electrodes 16, 18 of the first electrochemical pump- 
ing cell, so that the oxygen partial pressure in the first 

15 internal space 6 is controlled to a predetermined lev- 
el, for example, lO/^atm. 

To keep the oxygen partial pressure in the atmos- 
phere in the first internal space 6 at the predeter- 
mined constant level, a voltage applied between the 

20 two electrodes 16, 18 of the first electrochemical 
pumping cell by the variable power supply 20 is regu- 
lated so that the electromotive force induced between 
the measuring electrode 22 and the reference elec- 
trode 24 of the electrochemical sensing cell, which is 

25 detected by the potentiometer 26, is equal to 203mV 
at 500°C, for example, according to the Nernst equa- 
tion known in the art In this manner, the oxygen par- 
tial pressure in the first internal space 6 can be easily 
controlled to lO-^atm as desired. That is, the voltage 

30 applied to the first electrochemical pumping cell is 
regulated so that the above-described electromotive 
force corresponds to a difference between a desired 
oxygen concentration in the first internal space 6 and 
the oxygen concentration of the reference gas. It is to 

35 be noted that the first diffusion controlling passage. 
12 functions to reduce an amount of oxygen in the 
measurement gas diffusing into the first internal 
space 6, and thus restrict a current flowing through 
the first electrochemical pumping cell, upon applica- 

40 tion of a voltage to the pumping cell. 

In the first internal space 6, the oxygen partial 
pressure is controlled so that NOx contained in the at- 
mosphere is not reduced by the inner electrode 16 
and the measuring electrode 22, that is, the reaction: 

45 NO -> 1/2N 2 + I/2O2, for example, does not take 
place, even at a high temperature elevated by the ex- 
ternal measurement gas and the heater 36. If NOx in 
the atmosphere is reduced in the first internal space 
6, NOx cannot be accurately measured in the second 

50 internal space 8, as described later. In this sense, it 
is necessary to establish appropriate conditions or 
environment in the first internal space 6 so that NOx 
is not reduced by a component (at least a component 
of the inner electrode 1 6 of the first electrochemical 

55 pumping cell), which might otherwise be involved in 
reduction of NOx in the first internal space 6. 

The measurement gas, whose oxygen partial 
pressure has been controlled in the first internal 
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space 6 in the above manner, is then introduced into 
the second internal space 8, through the second dif- 
fusion controlling passage 14, under a predetermined 
diffusion resistance. Then, the measurement gas in 
the second internal space 8 is subjected to an oxygen 
pumping action, in which a predetermined or constant 
voltage, e.g., 449mV, is applied at 700°C between the 
internal pumping electrode 28 and the reference elec- 
trode 24 of the second electrochemical pumping cell, 
so that oxygen is pumped from the second internal 
space 8 into the reference-gas channel 10. As a re- 
sult, the oxygen concentration is reduced down to 
10- 10 atm in the second internal space 8, particularly 
at the three phase boundary of the internal pumping 
electrode 28. Consequently, NOx is reduced, that is, 
the reaction: NO I/2N2 + 1/20 2 , for example, takes 
place, around the internal pumping electrode 28 serv- 
ing as NOx reduction catalyst. At this time, the current 
flowing through the second electrochemical pumping 
cell is proportional to the oxygen concentration of the 
atmosphere in the second internal space 8, that is, a 
sum of the oxygen concentration of the atmosphere 
in the first internal space 6 and the concentration of 
oxygen generated by reduction of NOx at the internal 
pumping electrode 28. Since the oxygen concentra- 
tion of the atmosphere in the first internal space 6 is 
kept a constant, as described above, the current flow- 
ing through the second electrochemical pumping cell 
is proportional to the concentration of NOx. The NOx 
concentration corresponds to an amount of NOx 
which is diffused under the resistance of the second 
diffusion controlling passage 14. In this manner, the 
measurement of the NOx concentration can be ef- 
fected. 

When the oxygen concentration of the atmos- 
phere in the first internal space 6 is equal to 0.02ppm 
while the NO concentration of the measurement gas 
is equal to 100ppm t for example, the current flowing 
through the second electrochemical pumping cell cor- 
responds to 50.02 ppm, that is, a sum of the concen- 
tration of oxygen (50ppm) generated by reduction of 
NO and the oxygen concentration (0.02ppm) of the 
atmosphere in the first internal space 6. Thus, the 
pumping current value of the second electrochemical 
pumping cell substantially represents the amount of 
NO reduced, and does not depend much on the oxy- 
gen concentration of the measurement gas. 

The principle of the present invention will be de- 
scribed in detail, referring to Fig. 24. In this figure, the 
measurement gas is introduced into the first internal 
space 6, through the first diffusion controlling pas- 
sage 12, and the oxygen partial pressure in the first 
internal space 6 is regulated to a predetermined, de- 
sirably low level, by the pumping action of the first 
electrochemical pumping cell 56 serving as oxygen 
concentration control means. NOx is not reduced in 
this first internal space 6. Then, the atmosphere in the 
first internal space 6, having the thus regulated oxy- 



gen pressure, is introduced, through the second dif- 
fusion controlling passage 14, into the second inter- 
nal space 8 where NOx is reduced. The oxygen gen- 
erated by reduction of NOx is then pumped out from 
5 the second internal space 8, by means of the second 
electrochemical pumping cell 58, and the amount of 
NOx in the measurement gas is measured on the ba- 
sis of a magnitude of a current flowing through the 
second electrochemical ceil 58. 

10 In the above-described method, the NOx concen- 

tration Xn" is obtained according to an equation: Cn 
= Klp 3 -A, where K is a current sensitivity coefficient, 
lp 3 is a current flowing through the second electro- 
chemical pumping cell 58, and A is a constant indica- 

15 tive of a small amount of oxygen remaining in the first 
internal space 6. It will be understood that the most 
part of lp 3 depends on the oxygen generated by de- 
composition of the NOx component contained in the 
measurement gas, and that the present method per- 

20 mits highly accurate measurement of even a slight 
amount of NOx, without being affected by oxygen in 
the measurement gas, as compared with convention- 
al methods. The outer electrodes of the first and sec- 
ond electrochemical pumping cells 56, 58, which are 

25 not exposed to the internal spaces 6, 8, may be locat- 
ed anywhere provided that oxygen can be discharged 
from these electrodes. For example, the outer elec- 
trodes are located in the ambient air. 

The graph of Fig. 3 shows one example of the re- 

30 I at ion ship between the temperatures at the electro- 
des in the respective internal spaces 6, 8 and the oxy- 
gen partial pressures in these internal spaces 6, 8 
which are controlled in the manner as described 
above. In this graph, the first electrode is a cermet Pt 

35 electrode containing Zr0 2 and Pt in the volume ratio 
of 40 : 60, which electrode is co-fired with a 2r0 2 sub- 
strate at 1400°C t while the second electrode is a cer- 
met Rh electrode containing Zr0 2 and Rh in the vol- 
ume ratio of 40 : 60. This graph also shows the capa- 

40 bility of these electrodes to reduce NO in relation to 
the oxygen partial pressure and the temperature at 
each internal space. It will be apparent from Fig. 3 
that the Pt electrode is only capable of reducing NO 
at a relatively high temperature, under a relatively low 

45 oxygen partial pressure, while the Rh electrode is ca- 
pable of reducing NO at a relatively low temperature, 
under a relatively high oxygen partial pressure. 

It will be understood from the above-indicated re- 
lationship between the oxygen concentration and the 

so temperature that the temperature of the first electro- 
des, that is, the Pt electrodes (inner electrode 16 and 
measuring electrode 22) disposed in the first internal 
space 6, is controlled to within a range in which NO 
is not reduced by the first electrodes. For example, 

55 when the oxygen partial pressure in the first internal 
space 6 is set to 1 0-* atm, as shown in Fig. 3, the lo- 
cation and power of the heater 36 are determined so 
that the temperature in the first internal space 8 is 
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equal to or lower than 650°C, even when the temper- 
ature of the measurement gas is 900° C (which is ap- 
proximately the maximum temperature of the exhaust 
gases of automobiles). The measurement gas whose 
oxygen partial pressure is controlled to 1 O^atm in the 5 
first internal space 6 is then introduced, through the 
second diffusion controlling passage 14, into the sec- 
ond internal space 8 where a voltage of 450mV is ap- 
plied to the internal pumping electrode 28 and the ref- 
erence electrode 24, to pump out oxygen from the 10 
second internal space 8 into the reference-gas chan- 
nel 10. Thus, the oxygen partial pressure at the three 
phase boundary of the internal pumping electrode 28 
is lowered to about 10- 10 atm (which corresponds to 
the electromotive force of 450mV that develops is 
across the internal pumping electrode 28 and the ref- 
erence electrode 24). It will be noted from Fig. 3 that 
the second electrode, that is, the Rh electrode as the 
internal pumping electrode 28, is capable of reducing 
NO at 41 0°C or higher, under the oxygen partial pres- 20 
sure of 10- 10 atm. Accordingly, the location and power 
of the heater 36 are determined so that the tempera- 
ture of the internal pumping electrode 28 (or second 
electrode) disposed in the second internal space 8 is 
equal to or higher than 41 0°C, even when the temper- 25 
ature of the measurement gas is 300°C (which is ap- 
proximately the lowest temperature of the automobile 
exhaust gases). In this manner, NO is reduced at the 
three phase boundary of the internal pumping elec- 
trode 28 as the second electrode, to generate oxygen 30 
which causes a current to flow through the second 
electrochemical pumping cell. The magnitude of this 
current is proportional to the concentration of NO. 

In the above-described first example, the oxygen 
partial pressure in the first internal space 6 is control- 35 
led to 1 rj-^atm while the oxygen partial pressure in the 
second internal space 8, more precisely, at the three 
phase boundary of the internal pumping electrode 28 
(second electrode), is controlled to 10- 10 atm. At the 
same time, the location and power of the heater 36 40 
are determined so that the temperature at the inner 
electrode 16 and the measuring electrode 22 dis- 
posed in the first internal space 6 is not higher than 
650°C, and the temperature at the internal pumping 
electrode 28 in the second internal space 8 is not low- 45 
er than 410°C, as the temperature of the automobile 
exhaust gases varies over the full range of 300 to 
900° C, for example. 

While a desired temperature of the sensing ele- 
ment 2 may be achieved by controlling the power of so 
the heater 36, depending upon the temperature of the 
measurement gas, e.g., exhaust gases, the tempera- 
ture of the element may be easily controlled as de- 
sired by merely applying a suitable voltage to the hea- 
ter 36, without controlling its power. That is, the sens- 55 
ing element 2 generally has a higher temperature at 
its distal end portion exposed to the exhaust gases. 
If the heater 36 is positioned close to the distal end of 



the element 2, and the second internal space 8 includ- 
ing the internal pumping electrode 28 is provided in 
the distal end portion while the first internal space 6 
including the inner electrode 16 and measuring elec-/ 
trade 22 is located apart from the distal end, the 
above-indicated desired temperatures of these elec- 
trodes can be achieved by applying a suitable voltage 
to the heater 36. 

Fig. 4 is a graph showing results of a test for de- 
termining the location of the heater in the sensing ele- 
ment. A sensing element used for the test has a pla-^ 
tinum heater embedded in a Zr0 2 solid electrolyte 
substrate, at one of various points of the element 
which range from 1mm to 6mm as measured from its 
distal end. The Zr0 2 substrate has a width of 4.2mm, 
a thickness of 1 .3mm and a length of 62mm, and the 
platinum heater has a heating portion having a width 
of 3.6mm and a length of 5mm, and has a resistance 
of 8H at room temperature. With this sensing element 
installed in an exhaust pipe of an automobile, a vol- 
tage of 12V is applied to the platinum heater, and the 
temperatures at the above-described various points 
of the element are measured when exposed to ex- 
haust gases having 300°C and 900°C. 

As is apparent from Fig. 4, the temperature of the 
sensing element is 650°C or lower in its region which 
is 5.2mm or more away from the distal end of the ele- 
ment, when the exhaust gas has the maximum tem- 
perature of 900°C. Therefore, the first electrodes, 
i.e., the inner electrode 16 and measuring electrode 
22 are located in the above region that is 5.2mm or 
more away from the distal end. When the exhaust gas 
has the lowest temperature of 300°C, the tempera- 
ture of the sensing element is 410°C or higher in its 
region which is 0 - 6.2mm away from the distal end of 
the element. Therefore, the second electrode, i.e, the 
internal pumping electrode 28, is located in the above 
region that is in the 0 - 62mm distance from the distal 
end. In this manner, there is obtained the NOx sensor 
according to the present invention, in which the tem- 
peratures of the respective electrodes are controlled 
as shown in the graph of Fig. 3. It is to be noted that 
the distribution of the temperatures in the sensing 
element as described above can be achieved as de- 
sired, by suitably selecting the power (resistance), 
size (length) and location of the heater. 

Fig. 5 is a graph showing the relationship be- 
tween the NO concentration measured by the above- 
described NOx sensor, and the pumping current (dif- 
fusion limiting current Ip). It is found in this graph that 
the pumping current (Ip) is linearly proportional to the 
NO concentration. Thus, the NO concentration can 
be easily obtained by measuring the current (Ip). In 
this case, Ip is 0.03uA when NO is equal to 0 ppm, 
which means that the pumping current of 0.03uA is re- 
quired to pump out an amount of oxygen which corre- 
sponds to a difference between the oxygen concen- 
tration (10 6 atm) in the atmosphere in the first internal 



10 



19 



EP 0 678 740 A1 



20 



space 6, and the oxygen concentration in the atmos- 
phere in the second internal space 8, more precisely, 
at the three phase boundary of the internal pumping 
electrode 28. Although this pumping current of 0.03|iA 
does not affect the measurement of the NO concen- 5 
tration of several dozens of ppm, taking account of the 
sensitivity: 30uA/2000ppm = 0.015uA/ppm. the same 
pumping current may cause an error when the NO 
concentration to be measured is lower than 10ppm. 
It is therefore preferable that the pumping current is 1 o 
as closest to 0 as possible when NO is equal to Oppm. 
This can be achieved either by controlling the oxygen 
partial pressure in the atmosphere in the first internal 
space 6 to the possibly lowest level while avoiding re- 
duction of NOx, or by equalizing the oxygen partial is 
pressure in the first internal space 6 with that in the 
second internal space 6, measured at the three phase 
boundary of the internal pumping electrode 28. 

Fig. 6 is a graph showing a second example of the 
relationship between the temperatures at the electro- 20 
des in the first and second internal spaces 6, 8, and 
the oxygen partial pressures in these internal spaces 
6 V 8 which are controlled in the manner as described 
above. In this example, the oxygen partial pressure in 
the first internal space 6, and the oxygen partial pres- 25 
sure at the three phase boundary of the internal 
pumping electrode 28 (second electrode) in the sec- 
ond internal space 8 are both controlled to 10 Batm. 
The heater 36 is provided so that the temperature at 
the first electrodes (inner electrode 1 6 and measuring 30 
electrode 22) is 490°C or lower, and the temperature 
at the second electrode (internal pumping electrode 
28) is 430°C or higher. 

Fig. 7 is a graph showing the relationship be- 
tween the pumping current (Ip) and the NO concen- 35 
tration measured by the NOx sensor of the second ex- 
ample. Since the oxygen partial pressures in the first 
internal space 6 and at the three phase boundary of 
the second electrode (internal pumping electrode 28) 
in the second internal space 8 are controlled to the 40 
same value in this example, Ip is OuA where NO is 
equal to Oppm. 

Fig. 8 is a graph showing a third example of the 
relationship between the temperatures at the electro- 
des and the oxygen partial pressures. In this exam- 45 
pie, the first electrodes (inner electrode 16 and meas- 
uring electrode 22) and the second electrode (inter- 
nal pumping electrode 28) are both comprised of Pt 
electrodes, and the oxygen partial pressures in the 
first internal space 6 and at the three phase boundary so 
of the second electrode (internal pumping electrode 
28) in the second internal space 8 are both controlled 
to 10 6 atm. The heater 36 is provided so that the tem- 
perature at the first electrodes is lower than 650°C, 
and the temperature at the second electrode is 650°C 55 
or higher. 

Fig. 9 is a graph showing a fourth example of the 
relationship between the temperatures at the electro- 



des and the oxygen partial pressures. In this exam- 
ple, the first electrodes (inner electrode 16 and meas- 
uring electrode 22) and the second electrode (inter- 
nal pumping electrode 28) are both comprised of Pt 
electrodes, and the oxygen partial pressure in the 
first internal space 6 is controlled to 1 0 6 atm while the 
oxygen partial pressure at the three phase boundary 
of the second electrode (internal pumping electrode 
26) in the second internal space 8 is controlled to 10 
10 atm. The heater 36 is provided so that the first elec- 
trodes are heated to 650° C or lower, and the second 
electrode is heated up to 430°C or higher. 

In the fourth example, a pumping current 1P 0 
flows when NO is equal to Oppm, as described above. 
This pumping current IP 0 is kept a constant if the oxy- 
gen partial pressures in the first and second internal 
spaces 6, 8 are kept constant, and can therefore be 
easily subtracted from the pumping current Ip. Fig. 10 
is a graph showing the relationship between the 
pumping current Ip and the NO concentration meas- 
ured by the NOx sensor of this example. 

In the above-described examples, the measure- 
ment gas is introduced into the first internal space, 
where the oxygen concentration of the gas is control- 
led to a predetermined value by the oxygen pumping 
action of the first electrochemical pumping cell, while 
the oxygen partial pressure and the temperature are 
suitably controlled to avoid reduction of NOx. Then, 
the measurement gas having the predetermined oxy- 
gen concentration is introduced from the first internal 
space into the second internal space, where the tem- 
perature and oxygen concentration are determined 
so that the NOx component in the gas is reduced at 
the three phase boundary of the NOx reduction cat- 
alyst (internal pumping electrode 28) disposed in the 
second internal space. A pumping current measured 
upon the oxygen pumping action of the second elec- 
trochemical pumping cell is proportional to the NOx 
concentration of the measurement gas. Thus, NOx 
can be effectively determined on the basis of the 
pumping current, without being affected by the oxy- 
gen concentration of the measurement gas. 

In the above-described NOx sensor as the sens- 
ing device of the present invention, the first internal 
space 6 is positioned downstream of the first diffu- 
sion controlling passage 1 2, and the second diffusion 
controlling passage 14 is positioned downstream of 
the first internal space 6, as seen in the direction of 
flow of the measurement gas. Therefore, clogging 
due to oil ash may take place at the first diffusion con- 
trolling passage 12, but not likely at the second dif- 
fusion controlling passage 14. If the diffusion resis- 
tance values D1, D2 of the first and second diffusion 
controlling passages 12, 14 are determined to satisfy 
the relationship: D1 + a « D2, where a is a variation 
of the diffusion resistance due to clogging, the meas- 
urement of the NOx concentration is not affected by 
such clogging. Thus, the clogging of the first diffusion 
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controlling passage 12 only results In reduction of the 
pumping current for keeping the oxygen concentra- 
tion in the first internal space at a constant level, and 
will not affect the measurement of NOx since the gas 
containing NOx is substantially diffused through the 5 
second diffusion controlling passage 14. 

In the first and second examples, the first elec- 
trodes (16, 22) disposed in the first internal space 6 
are cermet electrodes containing Pt while the second 
electrode (28) is a cermet electrode containing Rh. In 10 
the third and fourth examples, the first and second 
electrodes are both comprised of cermet electrodes 
containing Pt. However, the electrode materials are 
not necessarily limited to those as employed in the 
above examples. For example, the first electrode 15 
may be a cermet electrode containing Au or an alloy 
of Au and Pt and the second electrode may be a Rh- 
containing cermet electrode. Since the Au/Pt cermet 
electrode as the first electrode is less likely to reduce 
NOx, the oxygen partial pressure and temperature in 20 
the first internal space can be more freely determined 
from within increased allowable ranges. While metals 
used for the electrodes may be suitably selected from 
known metals, both the first and second electrodes 
may be Au-containing electrodes, with a Rh- or Pt- 25 
containing electrode or a catalyst superposed on the 
second electrode. The catalyst may be a ceramic por- 
ous layer formed of alumina, which loads thereon an 
NOx reducing metal. Alternatively, the first and sec- 
ond electrodes may be Pt-containing electrodes, with 30 
a Rh-containing catalyst electrode disposed on the 
second Pt electrode. It is also possible that the first 
and second electrodes made of the same material are 
exposed to different temperatures, for example. 

It is desirable that the first and second electrodes 35 
are cermet electrodes comprised of a metal and a 
suitable ceramic material. For the second electrode 
which function as an NOx reduction catalyst, as In the 
illustrated embodiment, a porous cermet electrode is 
desirably employed which is formed of a ceramic and 40 
a known metal, such as Rh and Pt, capable of reduc- 
ing NOx. An NOx reduction catalyst may be provided 
in the vicinity of the internal pumping electrode 28 dis- 
posed in the second internal space 8, or an NOx re- 
duction catalyst 42 as shown in Fig. 11 may be lam- 45 
inated by printing or other method on the internal 
pumping electrode 28. This catalyst 42 is a porous 
alumina layer loading an NOx reducing catalyst, such 
as rhodium. In the sensing element as shown in Fig. 
11 , the heater 36 is located on the side of the second so 
internal space 8, so that the second internal space 8 
is heated to a higher temperature than the first inter- 
nal space 6, whereby the NOx reduction catalyst 42 
performs its function more effectively. 

Where the measurement gas consists of exhaust " 55 
gases generated under a rich burn engine operation, 
the gas contains large amounts of unburned compo- 
nents, such as CO and HC, which may react with NOx 



to cause a measuring error of the NOx sensor. To 
avoid this, the first internal space 6 is preferably filled 
with an oxidation catalyst 38 formed from porous alu- 
mina, for example, for oxidizing the unburned compo- 
nents, such as CO and HC, in the measurement gas, 
as shown in Fig. 12. In this case, the polarity of the 
first electrochemical pumping cell is reversed with re- 
spect to that in the case of a lean burn engine oper- 
ation. That is, oxygen in the measurement gas is 
pumped from the exterior space into the first internal 
space 6. The provision of the oxidation catalyst 38 in 
the first internal space 6 is effective for eliminating in- 
fluences due to the reducing gases, such as CO and 
HC, even when the measurement gas is produced as 
a result of the rich burn operation. 

While the first internal space 6 is filled with the 
oxidation catalyst 38 in the embodiment of Fig. 12, the 
catalyst 38 may be provided on a portion of -the solid 
electrolyte layer 4c between the first diffusion con- 
trolling passage 12 and the measuring electrode 22, 
or may be provided by printing on the inner electrode 
1 6. That is, the oxidation catalyst 38 may be located 
anywhere provided the unburned components, such 
as CO and HC, are oxidized before the measurement 
gas reaches the second internal space 8. 

To oxidize the unburned components, such as 
CO and HC, there is no need to provide the oxidation 
catalyst 38. That is, the oxidation can be promoted if 
the inner electrode 16 functions as an oxidation cat- 
alyst Even if the inner electrode 16 consists of an Au 
or Au/Pt alloy electrode which does not serve as an 
oxidation catalyst the unburned components in the 
measurement gas can be oxidized under appropriate 
conditions, including the oxygen partial pressure and 
the temperature, in the first internal space 6. These 
conditions must be also advantageous for measure- 
ment of NOx, assuring the oxygen partial pressure 
which is as low as possible and closest to that of the 
second internal space 8. For example, the oxidation 
can readily take place in the first internal space 6 if 
the oxygen partial pressure is at least 1Ch l0 atm at 
500°C, and at least 10- 15 atm at 600°C. 

In the above-described method of measuring 
NOx, the measurement gas is controlled in the first in- 
ternal space 6, to provide an atmosphere which is ef- 
fective for measurement of NOx. More specifically, 
oxygen is pumped out from or pumped into the atmos- 
phere in the first internal space 6, by the pumping ac- 
tion of the first electrochemical cell, so that the oxy- 
gen partial pressure in the space 6 is kept at a con- 
stant level which is almost the same as that in the sec- 
ond internal space 8, and which enables oxidation of 
the unburned components, such as CO and HC, con- 
tained in the measurement gas. Consequently, the 
oxidation of the unburned components is effected, 
thereby to avoid reaction between such unburned 
components and NOx, assuring more accurate meas- 
urement of the NOx concentration. This is particularly 
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effective with respect to a measurement gas which is 
produced as a result of combustion under a rich burn 
engine operation, and thus contains considerably 
large amounts of carbon monoxide, hydrocarbon and 
other unbumed components. 5 

The oxidation of the un burned components in the 
measurement gas as described above is effective for 
eliminating any influence by the un burned compo- 
nents on the NOx measurement accuracy, with re- 
spect to exhaust gases produced not only under the 10 
rich burn engine operation, but also under the lean 
burn engine condition which may produce slight 
amounts of such unburned components as described 
above. 

The oxidation catalyst 38 may be laminated on is 
the upper solid electrolyte layer 4a, as shown in Fig. 
13, such that the catalyst 38 is located in the external 
measurement gas space while closing an open end of 
the first diffusion controlling passage 12. This is ef- 
fective mainly for eliminating measuring errors due to 20 
CO and HC produced when the engine operates un- 
der lean A/F condition. This embodiment is not suit- 
able for the rich burn engine operation since the 
whole amounts of CO and HC cannot be oxidized due 
to shortage of oxygen in the measurement gas. In a 25 
further embodiment as shown in Fig. 14, additional 
solid electrolyte layers 4f and 4g are superposed on 
the solid electrolyte layer 4a, with a gas inlet channel 
40 defined by these three solid electrolyte layers 4f, 
4g, 4a. The oxidation catalyst 38 is located in the gas 30 
inlet channel 40. In this case, the oxidation of CO, HC 
and others is more effectively promoted since the ox- 
idation catalyst 38 is located in a relatively high- 
temperature distal end portion of the sensor, as com- 
pared with the embodiment of Fig. 12. 35 

To regulate the oxygen concentration at the three 
phase boundary of the second electrode (28) serving 
as an NOx reduction catalyst, in the second internal 
space 8, the oxygen is pumped from the second elec- 
trode (28) to the reference electrode 24 in the illu- 40 
strated embodiments. However, the second elec- 
trode (28) may cooperate with the outer electrode 18 
of the first electrochemical pumping cell, to constitute 
a second electrochemical pumping cell, so as to 
pump the oxygen in the second internal space 8 to- 45 
ward the outer electrode 18. It is also possible to pro- 
vide another electrode in the second internal space 8 
to pump out oxygen in the second internal space 8, 
in addition to the second electrode (28) as the NOx 
reduction catalyst In this case, on the basis of an so 
electromotive force induced between the NOx reduc- 
tion catalyst electrode (28) and the reference elec- 
trode 24, oxygen may be pumped from the additional 
pump-out electrode toward the reference electrode, 
the outer electrode 18, or a further electrode adapted 55 
to pump out the-oxygen, so as to regulate the oxygen 
concentration at the three phase boundary of the 
NOx reduction catalyst electrode. 



In the illustrated embodiments, the oxygen par- 
tial pressure in the first internal space 6 is regulated 
by continuously varying a voltage to be applied to the 
pumping electrodes 16, 18 of the first electrochemi- 
cal pumping cell, based on the level of the electromo- 
tive force detected at the electrochemical sensing 
cell. However, a constant voltage may be applied to 
these pumping electrodes 16, 18, or a single electro- 
chemical cell may serve as both a pumping cell and 
a sensing cell at different shared b'me. 

The reference electrode 24 is not necessarily 
held in communication with the atmosphere through 
the reference-gas channel 10. Rather, the reference 
electrode 24 may be disposed in a space in which the 
oxygen that is pumped out from the second electrode 
(28) is stored. 

Further, the second internal space and the sec- 
ond diffusion means may be constituted by a space 
which is filled with a porous body. More specifically, 
the second internal space 8 and the second diffusion 
controlling passage 4 of the sensing element 2 shown 
in Fig. 2 may be replaced by an arrangement" as 
shown in Fig. 15, in which an internal space adjacent 
to the first internal space 6 is filled with a porous body 
44 made of alumina, for example, to provide both the 
second diffusion means and the second internal 
space. This arrangement simplifies the internal 
structure of the NOx sensor. In this embodiment, the 
diffusion resistance of the second diffusion means 
(44) is determined to be larger than that of the first dif- 
fusion controlling passage 12, such that the atmos- 
phere in the first internal space 6 is not influenced by 
the atmosphere in the second internal space. 

The porous body 44 may be printed on the inter- 
nal pumping electrode 28, as shown in Fig. 21. In this 
arrangement, the porous body 44 constitutes the sec- 
ond diffusion means, and the porous body 44 itself 
substantially provides the second internal space. 

In operation of the sensing element 2 constructed 
as described above, a voltage applied between the 
two electrodes 16, 18 of the first electrochemical 
pumping cell is controlled so that an electromotive 
force of 203mV is induced at 500°C between the 
measuring electrode 22 in the first internal space 6, 
and the reference electrode 24. At the same time, a 
constant voltage is applied between the internal 
pumping electrode 28 and the reference electrode 24 
of the second electrochemical pumping cell, so that 
an electromotive force of 449mV is induced at 700°C 
between these electrodes 28, 24. In this condition, 
the NO concentration linearly varies with the pump- 
ing current (Ip) of the second electrochemical pump- 
ing cell, as shown in the graph of Fig. 1 6. Accordingly, 
the NO concentration is determined by measuring the 
magnitude of the pumping current (Ip). 

The arrangement of the sensing element as 
shown in Fig. 15 may be modified such that the por- 
ous structure of the second diffusion means 44 loads 
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therein an NOx reduction catalyst, or such that an ox- 
idation catalyst for oxidizing the unburned compo- 
nents, such as CO and HC, is disposed in the first in- 
terna! space 6. Thus, the present sensing element 
may be modified as needed, while assuring NOx de- 5 
tecting characteristics similar to those of the sensing 
element of Fig. 15. 

The materials for the electrodes (16, 22) dis- 
posed in the first interna! space 6 and the electrode 
(28) disposed in the second internal space (second 10 
diffusion means 44) are suitably selected such that 
the electrode (28) in the second internal space has 
the same or higher capability of reducing NOx than 
the electrodes (16, 22) in the first internal space 6. In 
addition, an NOx reduction catalyst layer may be pro- is 
vided on the electrode (28) in the second internal 
space. 

The location of the reference electrode and the 
the reference-gas chamber and the kind of the refer- 
ence gas are suitably selected, such that the electro- 20 
motive force determined according to the Nernst 
equation is induced between the measuring elec- 
trode in the first internal space 6 and the reference 
electrode. 

The position and power of the heater are suitably 25 
selected such that the temperature at the electrodes 
in the first internal space 6 is lower than the temper- 
ature at the electrode in the second internal space 
(second diffusion means 44). 

The NOx sensor according to the present inven- 30 
tion may have the first and second diffusion means 
in the form of a narrow, flat space having a predeter- 
mined diffusion resistance. The flat space is formed 
in the sensing element so as to be open to the exter- 
nal measurement-gas space, as shown in Fig. 17 by 35 
way of example. 

The sensing element 2 as shown in Fig. 17 has 
an integral laminar structure including six oxygen-ion 
conductive solid electrolyte layers 4a, 4b, 4c, 4h, 4d, 
4e which are superposed on each other in this order. 4o 
The second uppermost solid electrolyte layer 4b has 
a rectangular cutout or notch at its distal end portion, 
which provides a narrow, flat space 50 having a pre- 
determined diffusion resistance. The flat space 50 is 
open at the distal end of the sensing element 2, and 45 
extends over a suitable length in the longitudinal di- 
rection of the element 2. That is, the flat space 50 has 
an elongate, rectangular shape as seen in a plane 
parallel to the major surfaces of the sensing element 
2, and is open at one of the opposite short sides to the so 
external measurement-gas space. 

In operation, the external measurement gas is in- 
troduced through the opening of the flat space 50, 
and reaches an innermost part of the flat space 50, 
under a predetermined diffusion resistance. Thus, 55 
the flat space 50 itself constitutes the first and sec- 
ond diffusion means. The inner electrode (pumping 
electrode) 16of the first electrochemical pumping cell 



is provided in a portion of the fiat space 50 adjacent 
to its opening, which portion forms the first internal 
space 6, while the internal pumping electrode 28 of 
the second electrochemical pumping cell is provided 
in a deeper portion of the flat space 50 inside of the 
first internal space 6, which portion forms the second 
internal space 8. 

In the instant embodiment, reference-gas chan- 
nel 10 is formed through the solid electrolyte layer 4 h, 
such that the channel 10 is open at a proximal end of 
the sensing element, for communication with the at- 
mosphere. Reference electrode 24 disposed in the 
reference-gas channel 10 cooperates with the meas- 
uring electrode 22 provided in the flat space 50 to 
constitute the electrochemical sensing cell, and co- 
operates with the internal pumping electrode 28 to 
constitute the second electrochemical pumping cell. 
Thus, the reference electrode 24 also serves as one 
of the pumping electrodes. 

The other parts of the NOx sensor as shown in 
Fig. 17 are similar to those of the NOx sensor of Fig. 
2, and the same reference numerals are used in the 
figures for the corresponding elements, of which no 
detailed description will be provided. The specific 
structures for the flat space 50 and the reference-gas 
channel 10 formed in the sensing element 2 are 
shown in detail in Figs. 10 and 11 of JP-B2-5- 18059, 
from which the structure of the sensing element of 
Fig. 17 is to be understood. 

Fig. 18 shows a modified embodiment of the 
sensing element 2 as shown in Fig. 17. In this embodi- 
ment, an open end portion of the flat space 50 is filled 
with a porous body 52 having a predetermined diffu- 
sion resistance. The measurement gas is introduced 
through the porous body 52 into the flat space 50, un- 
der the predetermined diffusion resistance, and the 
introduced gas is subjected to an oxygen pumping ac- 
tion of the first oxygen pumping means, in the first in- 
ternal space 6 provided by a portion of the flat space 
50 adjacent to the porous body 52. The provision of 
the porous body 52 is advantageous in that the diffu- 
sion of the gas into the first internal space 6 can be 
controlled with high reliability, and that unburned 
components, such as CO and HC, are effectively oxi- 
dized at the porous body 52. 

In the illustrated embodiments of the NOx sen- 
sor, the effective decomposition and reduction of 
NOx are achieved due to a temperature difference 
between the first and second internal spaces 6, 8. 
However, the atmospheres in the first and second in- 
ternal spaces 8 do not necessarily have different tem- 
peratures. In the example of Fig. 3, for instance, if the 
temperature of both of the first and second internal 
spaces 6, 8 is set to 600°C, the Pt electrode (16) dis- 
posed in the first internal space 6 will not reduce NOx 
under the oxygen partial pressure of about 10-*atm or 
higher, while the Rh electrode (28) disposed in the 
second internal space 8 will reduce NOx under the 
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oxygen partial pressure of 10-^atm or lower. It is 
therefore possible to measure NOx with high accura- 
cy even when both the first and second internal 
spaces 6, 8 have the same temperature of 600°C, if 
the oxygen partial pressure of the atmosphere in the 5 
first internal space 6 is controlled to 10-«atm or high- 
er, and the oxygen partial pressure of the atmosphere 
in the second internal space 8 is controlled to 1 O-Satm 
or lower. 

If the electrodes having no or little capability of 10 
reducing NOx, such as those containing Au or an alloy 
of Au and Pt, are employed, the measurement of NOx 
can be effected under a condition where the temper- 
ature of the first internal space is higher than that of 
the second internal space. For example, the alloy is 
electrode containing Pt and 1% of Au, which does not 
reduce NOx at 800°C under the oxygen partial pres- 
sure of 10- 15 atm, may be employed for measurement 
of NOx, even if the first internal space is kept at 800°C 
with the oxygen partial pressure of 1 0" 1( >atm, and the 20 
second internal space is kept at 600°C with the oxy- 
gen partial pressure of 10- 1< fetm. 

Fig. 19 is a graph showing the relationship be- 
tween the electromotive force and the oxygen partial 
pressure at a temperature of 600°C. If the oxygen par- 25 
tial pressure of the atmosphere in the first internal 
space 6 is regulated so that the electromotive force 
at the measuring electrode 22 of the electrochemical 
sensing cell is 150mV, the oxygen partial pressure in 
the first internal space 6 becomes equal to about 30 
1 (Matrn, and therefore NOx is not reduced in the first 
internal space 6. If 450mV is applied to the internal 
pumping electrode 28 of the second electrochemical 
pumping cell, which electrode is disposed in the sec- 
ond internal space 8, the oxygen partial pressure at 35 
the three phase boundary of the pumping electrode 
28 becomes equal to about lO-^atm, and therefore 
NOx is reduced at the internal pumping electrode 28. 
The oxygen generated by the reduction of NOx can be 
detected by the pumping current of the second elec- 40 
trochemical pumping cell. The graph of Fig. 20 shows 
the relationship between the NO concentration and 
the pumping current (Ip). 

While the sensors of the illustrated embodiments 
are adapted for measuring NOx as a component of the 45 
measurement gas, it is to be understood that the pres- 
ent invention may be equally advantageously prac- 
ticed for measurement of other gas components con- 
taining bonded oxygen, such as HjO or CO z , which 
measurement may be affected by oxygen present in so 
the measurement gas. 

Where the sensing element 2 as shown in Figs. 
1 and 2 is used for measuring H 2 0 (water) in the 
measurement gas, the atmosphere in the first internal 
space 6 is initially subjected to the oxygen pumping 55 
action of the first electrochemical pumping cell, so 
that the oxygen partial pressure is controlled to the 
possibly lowest level, e.g., 10- 10 atm, under which H 2 0 



is not decomposed. Then, the measurement gas (the 
atmosphere in the first internal space 6) having the 
constant low level of the O z concentration is intro- 
duced into the second internal space 8, through the 
second diffusion controlling passage 14. With the 
power supply 30 applying a fixed voltage of 1.5V be- 
tween the electrodes 24, 28 of the second electro- 
chemical pumping cell, H 2 0 contained in the atmos- 
phere in the second internal space 8 is decomposed 
into H 2 and 0 2 , and the thus produced 0 2 is pumped 
out by the pumping cell at the same time. The pump- 
ing current detected by the ammeter 32 upon the 
pumping action of the second electrochemical pump- 
. ing cell is proportional to the H z O concentration of the 
atmosphere in the second internal space 8. Since 
oxygen in the measurement gas is reduced down to 
1 0- 10 atm (0.0001 ppm) in the first internal space 6, the 
above pumping current substantially represents the 
oxygen generated by decomposition of H 2 0. Fig. 22 
is a graph showing the relationship between the H 2 0 
concentration and the pumping current (Ip) when the 
first and second internal spaces 6, 8 are both heated 
up to 700°C. 

In the measurement of H 2 0 as described above, 
a pumping voltage of the second electrochemical 
pumping cell is controlled to not less than 1 V so as to 
decompose H 2 0 in the atmosphere. If the voltage is 
less than 1V, H 2 0 will not be fully decomposed. At the 
same time, the pumping voltage is desirably control- 
led to not higher than 3V, since the solid electrolyte 
material, such as Zr0 2 , may be decomposed with a re- 
sult of reduced mechanical strength, if a voltage high- 
er than 3V is applied to effect the pumping action for 
a long time. Accordingly, the pumping voltage is pre- 
ferably determined in the range of 1.2v to 2.5V. 

The sensing element 2 as shown in Figs. 1 and 2 
may also be used for measuring C0 2 contained in the 
measurement gas, in the same manner as described 
above with respect to H 2 0. In the measurement of 
C0 2 , the oxygen partial pressure of the atmosphere 
in the first internal space 6 is first controlled to the 
possibly lowest level, e.g., 10- 10 atm, under which C0 2 
is not decomposed. Then, the atmosphere having the 
constant low level of the 0 2 concentration is intro- 
duced into the second internal space 8, through the 
second diffusion controlling passage 14. With the 
power supply 30 applying a fixed voltage of 1.5V to 
the second electrochemical pumping cell, the oxygen 
is pumped out from the internal pumping electrode 28 
toward the reference electrode 24. During this pump- 
ing action, C0 2 in the second internal space 8 is de- 
composed into CO and 0 2 , and the thus produced 0 2 
is pumped out by the pumping cell at the same time. 
The pumping current thus obtained is proportional to 
the C0 2 concentration. Since oxygen in the measure- 
ment gas is reduced down to 10- 10 atm (0.0001 ppm) 
in the first internal space 6, the above pumping cur- 
rent substantially represents the oxygen generated 
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by decomposition of C0 2 . Fig. 23 is a graph showing 
the relationship between the C0 2 concentration and 
the pumping current (Ip) when the first and second in- 
terna! spaces 6, 8 are both heated up to 700°C. 

In the measurement of C0 2 as described above, s 
a pumping voltage of the second electrochemical 
pumping ceil is controlled to be not less than 1 V so as 
to decompose C0 2 in the atmosphere. If the voltage 
is less than 1 V, CO z will not be fully decomposed. At 
the same time, the pumping voltage is desirably con- 10 
trolled to be not higher than 3V, since the solid elec- 
trolyte material, such as Zr0 2 , may be decomposed 
with a result of reduced mechanical strength, if a vol- 
tage higher than 3V is applied to effect the pumping 
action for a long time. Accordingly, the pumping vol- is 
tage is preferably determined in the range of 1.2V to 
2.5V. 

Thus, the concentration of the gas component 
having bonded oxygen, such as H 2 0 and C0 2 , can be 
obtained by detecting the pumping current (Ip) for 20 
pumping out the oxygen generated upon decomposi- 
tion of the gas component in the second internal 
space 8, in the same manner as the NOx concentra- 
tion is determined. In this connection, a suitable de- 
composing catalyst may be provided in the second in- 25 
ternal space 8, as in the case of NOx, so as to posi- 
tively promote decomposition of the gas component, 
such as H 2 0 and C0 2 . 

While the present invention is particularly advan- 
tageously practiced for measuring a component con- 30 
taining combined gas, such as NOx, H 2 0, or C0 2f in 
a measurement gas, the present invention is not lim- 
ited to these applications but is -equally applicable for 
measurement of any gas component, provided the 
measurement is affected by oxygen in the measure- 35 
ment gas. Upon measurement of H 2 or NH 3 in a meas- 
urement gas, for example, these components may be 
burnt due to oxygen in the gas, resulting in deteriorat- 
ed measuring accuracy. If the oxygen in the measure- 
ment gas is removed in the first internal space ac- 40 
cording to the present invention, the H 2 or NH 3 con- 
centration can be measured with high accuracy in the 
second internal space. 

The concentration of each of H 2 , NH 3 and other 
various gas components present in the atmosphere in 45 
the second internal space may be measured by a se- 
lected one of known detecting means. More specifi- 
cally, H 2 may be measured by using a proton pump 
constructed similarly to the oxygen pumping means. 
The proton pump consists of a proton-ion conductive 50 
solid electrolyte layer, and a pair of electrodes formed 
in contact with the layer. In operation, a current is ap- 
plied to the pair of electrodes, so as to pump out H 2 
from the second internal space, and the 1-^ concen- 
tration is determined by detecting the pumping cur- 55 
rent. Likewise, NH 3 is measured by 1) decomposing 
NH 3 into H 2 and N 2 in the second interna! space, 2) 
pumping out the H 2 thus generated by means of the 



proton pump as described above, and 3) detecting the 
pumping current during the pumping action, so as to 
determine the NH 3 concentration. 

It is to be understood that the present invention 
may be otherwise embodied with various other 
changes, modifications and improvements, which 
may occur to those skilled in the art, without departing 
from the scope of the invention. 



Claims 

1 . A method of measuring a concentration of a gas 
component of a measurement gas, comprising 
the steps of:, 

introducing the measurement gas contain- 
ing the gas component, from an external meas- 
urement-gas space into a first internal space (6), 
under a first diffusion resistance; 

controlling an amount of oxygen in the 
measurement gas within said first internal space, 
so as to produce an atmosphere which does not 
substantially affect measurement of the gas com- 
ponent and which does not convert the gas com- 
ponent; 

introducing said atmosphere from said 
first internal space into a second internal space 
(8), under a second diffusion resistance; and 

measuring the concentration of the gas 
component present in the atmosphere in said 
second internal space. 

2. A method according to claim 1, wherein said 
amount of oxygen in the measurement gas is con- 
trolled in said first internal space so that said at- 
mosphere has a substantially negligible level of 
an oxygen concentration. 

3. A method according to claim 1 or 2, wherein said 
amount of oxygen in the measurement gas is con- 
trolled in said first internal space by an oxygen 
pumping action of an electrochemical cell. 

4. A method according to any one of claims 1-3, 
wherein said second internal space is filled with 
a porous body (44) having said second diffusion 
resistance. 

5. A method according to any one of claims 1-4, 
wherein said gas component contains bonded 
oxygen, the method further comprising the steps: 

reducing or decomposing the gas compo- 
nent present in the atmosphere in said second in- 
ternal space, and pumping out oxygen produced 
upon reduction or decomposition, by an oxygen 
pumping action of an electrochemical cell (4c, 24, 
28; 58); and 

detecting a pumping current flowing 
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through said electrochemical cell, so as to calcu- 
late the concentration of the gas component in 
the measurement gas, on the basis of said pump- 
ing current. 

5 

6. A method according to claim 5, wherein said gas 
component having bonded oxygen is selected 
from the group consisting of NOx, C0 2 and H 2 0. 

7. A method according to claim 5 or 6, wherein said to 
amount of oxygen is controlled by regulating an 
oxygen partial pressure in said first internal 
space, by an oxygen pumping action of a first 
electrochemical pumping cell (4a, 16, 18; 56), so 

as to produce an atmosphere having a predeter- 15 
mined level of the oxygen partial pressure, which 
does not allow reduction or decomposition of the 
gas component at a first elevated temperature of 
the first internal space, while an oxygen partial 
pressure in said second internal space is regulat- 20 
ed by pumping out oxygen due to an oxygen 
pumping action of a second electrochemical 
pumping cell (4c, 24, 28; 58), so that the oxygen 
partial pressure is regulated to a predetermined 
level which allows reduction or decomposition of 25 
the gas component at a second elevated temper- 
ature of the second internal space. 

8. A method according to claim 7, wherein the oxy- 
gen partial pressure in said first internal space is 30 
detected, and the oxygen pumping action of said 

first electrochemical cell is controlled by varying 
a voltage applied to the first electrochemical cell, 
based on the detected oxygen partial pressure, 
so that the oxygen partial pressure in the first in- 35 
ternal space is regulated to a constant level. 

9. A method according to claim 7 or 8, wherein the 
oxygen pumping action of said second electro- 
chemical cell is effected by applying thereto a 40 
constant voltage which provides a diffusion lim- 
iting current to the gas component, the oxygen 
partial pressure of the atmosphere in said second 
internal space being regulated by application of 
said diffusion limiting current 45 

10. A method according to any one of claims 7-9, 
wherein said second elevated temperature of the 
second internal space is not lower than said first 
elevated temperature of the first internal space. so 

11. A method according to any one of claims 7-10, 
wherein the oxygen partial pressure in said sec- 
ond internal space is not higher than the oxygen 
partial pressure in said first internal space. 55 

12. A method according to any one of claims 7-11, 
wherein oxygen is pumped out from the atmos- 



phere in said first internal space due to said oxy- 
gen pumping action of said first electrochemical 
pumping cell, so that the oxygen partial pressure 
of the atmosphere is made lower than that of the 
measurement gas. 

13. A sensing device for measuring a concentration 
of a gas component of a measurement gas, said 
gas component having bonded oxygen, compris- 
ing: 

means for defining a first internal space 
(6) which communicates with an external meas- 
urement-gas space where the measurement gas 
is present; 

first diffusion means (12) for introducing 
the measurement gas containing the gas compo- 
nent from said external measurement-gas space 
into said first internal space, under a first diffu- 
sion resistance; 

first oxygen pumping means (4a, 16, 18) 
comprising an electrochemical cell having a first 
oxygen-ion conductive solid electrolyte (4a) and 
a pair of electrodes (16, 18) formed thereon, for 
effecting an oxygen pumping action with respect 
to said first internal space, so that an oxygen par- 
tial pressure of an atmosphere in the first internal 
space is regulated to a predetermined level which 
does not substantially allow reduction or decom- 
position of the gas component; 

means for defining a second internal 
space (8) which communicates with said first in- 
ternal space; 

second diffusion means (14, 44) for intro- 
ducing the atmosphere from said first internal 
space into said second internal space, under a 
second diffusion resistance; 

second oxygen pumping means (4c, 24, 
28) comprising an electrochemical cell having a 
second oxygen-ion conductive solid electrolyte 
(4c) and a pair of electrodes (24, 28) formed 
, thereon, for pumping out oxygen from an atmos- 
phere in said second internal space, so that an 
oxygen partial pressure of the -atmosphere in the 
second internal space is regulated to a predeter- 
mined value which allows reduction or decompo- 
sition of the gas component, whereby the gas 
component present in the atmosphere in the sec- 
ond interna] space is reduced or decomposed, 
said second oxygen pumping means further 
pumping out oxygen produced upon the reduc- 
tion or decomposition; and 

current detecting means (32) for detecting 
a pumping current flowing through said second 
oxygen pumping means. 

14. A sensing device according to claim 13, further 
comprising a catalyst (28, 42) disposed in said 
second internal space, for reducing or decompos- 
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ing said gas component so as to detach oxygen 
from the gas component. 

15. A sensing device according to claim 14, wherein 

one (28) of said pair of electrodes of said electro- 5 
chemical cell of said second oxygen pumping 
means, which is disposed in said second internal 
space, comprises said catalyst. 

16. A sensing device according to any one of claims 10 
13-15, comprising a sensing element (2) which in- 
cludes said first and second oxygen-ion conduc- 
tive solid electrolytes as integral parts thereof, 

said first and second internal spaces, said first 
and second diffusion means and said first and 15 
second oxygen pumping means being formed in 
said sensing element 

17. A sensing device according to claim 16, wherein 

said sensing element has a narrow, flat space 20 
(50) having a predetermined diffusion resis- 
tance, which space has an opening exposed to 
said external measurement-gas space, said flat 
space comprising said first and second diffusion 
means, said first internal space consisting of a 25 
first portion of said flat space adjacent to said 
opening, in which said first oxygen pumping 
means is provided, said second internal space 
consisting of a second portion of said flat space 
remote from said opening and inside said first 30 
portion, in which said second oxygen pumping 
means is provided. 



18. A sensing device according to claim 16 or 17, 
wherein said first and second oxygen-ion con- 
ductive solid electrolytes form an oxygen-ion 
conductive solid electrolyte layer. 

19. A sensing device according to claim 16 or 17, 
wherein said first and second oxygen-ion con- 
ductive solid electrolytes form different oxygen- 
ion conductive solid electrolyte layers. 

20. A sensing device according to claim 17, further 
comprising a porous body (52) filling said open- 
ing of said flat space of said sensing element, 
said porous body having a predetermined diffu- 
sion resistance. 

21. A sensing device according to any one of claims 
13-20, wherein said first interna! space is filled 
with a porous body having a predetermined dif- 
fusion resistance. 

22. A sensing device according to any one of claims 
13-21, wherein said second diffusion means 
comprises a porous body (44) having said second 
diffusion resistance, said second internal space 
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being filled with said porous body. 

23. A sensing device according to any one of claims 
13-21, wherein said second internal space is 
formed separately from said first internal space 
within said sensing element. 

24. A sensing device according to any one of claims 
13-23, further comprising a heater (36) for heat- 
ing said first and second internal spaces to re- 
spective predetermined temperatures. 

25. A sensing device according to claim 24, wherein 
said heater is located nearer to said second inter- 
nal space than to said first internal space within 
said sensing element, so that the second internal 
space is heated to a higher temperature than the 
first internal space. 

26. A sensing device according to any one of claims 
13-25, wherein said- gas component having 
bonded oxygen is selected from the group con- 
sisting of NOx, C0 2 and H2O. 

27. A sensing device according to any one of claims 
13-26, further comprising an oxidation catalyst 
(38) for oxidizing un burned components con- 
tained in the measurement gas before the gas 
reaches said second internal space. 

28. A sensing device according to any one of claims 
13-27, further comprising oxygen partial pres- 
sure detecting means (4c, 24, 28) for detecting 
the oxygen partial pressure of the atmosphere in 
said first internal space, said first oxygen pump- 
ing means applying a controlled current to said 
pair of electrodes of said electrochemical cell of 
said first pumping means, on the basis of the oxy- 
gen partial pressure detected by said detecting 
means, so as to regulate the oxygen partial pres- 
sure in the first internal space. 

29. A sensing device according to claim 28, wherein 
a reference-gas chamber (10) containing a refer- 
ence gas is formed in said sensing element, sep- 
arately from said first and second internal 
spaces, said oxygen partial pressure detecting 
means comprising an electrochemical cell which 
comprises an oxygen-ion conductive solid elec- 
trolyte (4c) extending between said reference- 
gas chamber and said first internal space, a ref- 
erence electrode (24) located in said reference- 
gas chamber and formed in contact with said sol- 
id electrolyte, and a measuring electrode (22) lo- 
cated in said first internal space and formed in 
contact with said solid electrolyte. 

30. A sensing device according to claim 29, wherein 
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said reference-gas chamber is exposed at an 
opening thereof to an ambient atmosphere, such 
that the ambient atmosphere is introduced into 
the reference-gas chamber through said open- 
ing, to provide said reference gas. 



5 



31. A sensing device according to claim 29 or 30, 
wherein the electrochemical cell of said second 
oxygen pumping means comprises an oxygen- 
ion conductive solid electrolyte (4c) extending 10 
between said second internal space and said ref- 
erence-gas chamber, a first pumping electrode 

(28) located in said second internal space and 
formed in contact with said solid electrolyte, and 
a second pumping electrode (24) located in said 15 
reference-gas chamber and formed in contact 
with said solid electrolyte. 

32. A sensing device according to claim 31, wherein 

said oxygen-ion conductive solid electrolyte of 20 
the electrochemical cell of said second oxygen 
pumping means and said oxygen-ion conductive 
solid electrolyte of the electrochemical cell of 
said oxygen partial pressure detecting means 
constitute an integral oxygen-ion conductive sol- 25 
id electrolyte, and wherein said second pumping 
electrode and said reference electrode formed on 
the solid electrolyte constitute a common elec- 
trode. 



33. A sensing device according to claim 31 or 32, 
wherein said first pumping electrode of the elec- 
trochemical cell of said second oxygen pumping 
means, which is disposed in said second internal 



34. A sensing device according to claim 33, wherein 
said first pumping electrode comprises a porous 
cermet consisting of a ceramic, and a metal which 

is able to reduce or decompose the gas compo- 40 
nent having bonded oxygen. 

35. A sensing device according to claim 31 or 32, 
wherein said catalyst is disposed in said second 
internal space, in the vicinity of said first pumping 45 
electrode of the electrochemical cell of said sec- 
ond oxygen pumping means. 

36. A sensing device according to claim 31 or 32, 
wherein said catalyst is superposed on said first so 
pumping electrode of the electrochemical cell of 
said second oxygen pumping means. 

37. A sensing device according to any one of claims 
15-36, wherein said second diffusion resistance 55 
of said second diffusion means is larger than said 
first resistance of said first diffusion means. 
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space, comprises said catalyst. 
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